Zircon is an excellent capsule to preserve complex history of ultrahigh-pressure (UHP) metamorphic rocks, whereas mineralogical evidences of UHP conditions were mostly obliterated in the matrix assemblages due to extensive retrograde overprinting during exhumation. Zircons from the Kokchetav UHP-HP massif contain numerous inclusions of graphite, quartz, garnet, omphacite, jadeite, phengite, phlogopite, rutile, albite, K-feldspar, amphibole, zoisite, kyanite, calcite, dolomite, apatite and monazite, as well as the diagnostic UHP minerals, such as microdiamond and coesite, which were identified by laser Raman spectroscopy. Internal structure of zircon displays distinct zonation texture, which comprise inherited core, wide mantle and outer rim, each with distinctive inclusion micro-assemblages.
into four units based on gross lithological variations (Fig. 1) . Unit I is composed of amphibolite and acidic gneiss, unit II is composed mainly of pelitic-psammitic gneiss with locally abundant eclogite boudins and marble, unit III is composed of alternating of orthogneiss and amphibolite with rare eclogite lenses, and unit IV is composed of quartz schist and siliceous schist (Kaneko et al. 2000) . Eclogites occur as lenticular masses within diamond-bearing gneiss and marble, and yield maximum P-T conditions of P > 60 kbar and T > 1000°C based on the K 2 O-in-augite geobarometer and Grt-Cpx geothermometer (Okamoto et al. 2000) . Metamorphic diamonds have been identified in pelitic gneisses, marbles and garnet pyroxenites from the Kumdykol region (Sobolev & Shatsky 1990; Zhang et al. 1997; Ogasawara et al. 2000; Katayama et al. 2000a) , which is located in the central part of the massif (Fig. 1) . Coesite also widely occurs in eclogite, pelitic gneiss and whiteschist as inclusions in zircon and garnet from the Kumdykol, Barchikol and Kulet (Shatsky et al. 1995;  were dated at 533 ± 20 Ma by Sm-Nd isochron method (Jagoutz et al. 1990 ). Muscovite and biotite separated from diamond-bearing gneiss yielded 40 Ar ages of 517 ± 5 Ma and 516 ± 5 Ma, respectively, which have been interpreted as a cooling age (Shatsky et al. 1999) .
Primary assemblages of ultrahigh-pressure conditions

Mineral inclusions in zircon from the Kokchetav UHP-HP rocks
We analyzed total ~12000 zircon separated from 246 representative rock samples from each metamorphic zone of the Kokchetav UHP-HP massif, including para-and ortho gneisses/schists, eclogites, marbles and quartz schist. After crushing and sieving of approximately 200 g of sample, and magnetic and heavy liquid separation of minerals, 50 to 500 zircon grains of approximately 100 µm diameters were hand-picked from the residue.
Approximately half of the samples proved to be barren at this stage. The zircon grains (total approximately 12000 grains) were then mounted in epoxy and polished. Discrete inclusions in zircons were identified using laser Raman spectroscopy with the 514.5 nm line of an Ar laser.
Abundant microdiamond inclusions in zircon were identified in pelitic gneisses and dolomitic marbles from the Kumdykol region, which located in the central portion of this massif. The diamond-bearing zircons were usually rounded and colorless with 100-150 µm in size. In the host rocks, primary minerals were mostly replaced by amphibolite facies mineral assemblages such as chlorite, amphibole and plagioclase. Diamond inclusions in zircon were confirmed by the characteristic Raman peak at 1333 ± 2 cm -1 (Fig. 3a) . Morphological forms comprise both octahedral and polycrystalline aggregates, approximately 10 µm in diameter.
Other UHP-HP inclusions such as coesite, jadeite and garnet coexist with diamond inclusion in zircon (Fig. 2) . In addition, low-P minerals, including graphite, quartz and plagioclase were also recognized as inclusion in zircon separated from the same sample. Graphite occurs as intergrowths with microdiamonds that display a botryoidal habit, and clearly grew at the expense of graphite (Fig. 2f) , whereas diamonds found in garnet are commonly surrounded by graphite along cracks, due to ingress of fluids. Coarse-grained graphite occurs in zircon core, although most diamonds distributed within mantle domain, and occasionally, small amounts of graphite also occur in the zircon outer rim. The inclusion micro-assemblages show a good correlation with the host zircon zonal texture seen in back-scattered electron (BSE) and cathodoluminescence (CL) images as described in later section.
Coesite inclusions are identified in zircon separated from diamond-bearing pelitic gneisses, marbles, and eclogites from Kumdykol, and quartz schist from Barchikol. Zircons from eclogites are subhedral to anhedral, and generally homogeneous in BSE image. Grain sizes were relatively smaller (50-80 µm) than those in diamond-bearing gneisses. Most coesite inclusions in zircon are ovoid, and up to 10 µm in diameter (Fig. 2) , which are identified by the characteristic Raman spectrum at 523 ± 2 cm (Fig. 3b) . Diamond-bearing dolomitic marble also contains coesite as inclusion in zircon, whereas SiO 2 phases were absent in matrix assemblages. This suggests that silica phases were completely consumed by the prograde reaction; dolomite + SiO 2 = diopside + CO 2 , whereas zircon preserved relict coesite as inclusion.
Zircons separated from the other regions contain relatively low-P mineral inclusions, and show different characteristics compared to the UHP phase-bearing zircons; they are euhedral, elongated and prismatic, and usually exhibit oscillatory zonal fabrics. Apatite and quartz inclusions are ubiquitous in these zircons, and rutile and phengite inclusions are commonly observed (Table 1) .
Inclusion assemblages preserved in zircon and metamorphic facies
Primary UHP metamorphic minerals are more or less obliterated during pervasive retrograde metamorphism, especially in country gneisses due to ingress of fluids into the host rocks. The fragmental, incomplete evidence of UHP metamorphism provided by matrix assemblages greatly obscures characterization of metamorphic zonation in UHP metamorphic terranes. Attempts to constrain the metamorphic zonation in the Kokchetav massif were performed on the basis of mineral assemblages in metabasites (Ota et al. 2000; Masago 2000) .
The metabasites were divided into three metamorphic zones: (i) epidote-amphibolite facies,
(ii) amphibolite facies, and (iii) eclogite facies. However, thus far, the matrix mineral assemblages in metabasites cannot further subdivide eclogite facies rocks because of the lack of UHP minerals in matrix assemblages due to the extensive overprinting. Our results of zircon-hosted inclusion distribution in this massif can be used to further subdivide the eclogite-facies rocks, including both metabasites and country gneisses, into diamond-eclogite, coesite-eclogite, and quartz-eclogite zones, whereas mineral assemblages in the matrix contain little evidence of such UHP assemblages (Fig. 4) . Although coesites were reported in garnet from the Kulet region (Parkinson 2000) , the lack of UHP evidences in zircon from this region can be due to low Zr contents in the bulk rocks and no further zircon growth in these rocks. However, zircon is generally ubiquitous in metamorphic rocks, and can protect primary 
Mineral compositions of inclusions in zircon
Clinopyroxenes in both eclogite and marble exhibit exsolution texture of quartz and phengite (Fig. 5a,b) . Other exsolution textures are also commonly observed in UHP metamorphic rocks, including ilmenite rods in olivine and clinopyroxene, magnetite plates or rods in olivine and clinohumite, monazite lamellae in apatite, and clinopyroxene needles in garnet (see compilation of Liou et al. 1998) . Such exsolution textures are believed to form during decompression stage (Liou et al. 1998) , however what mechanism produces the exsolution texture is not clear. Mineral inclusion preserved in zircon can preserve pre-exsolved chemical compositions and have constraint on the exsolution mechanism of the UHP phases.
Clinopyroxene
Abundant quartz rods occur in matrix omphacite of eclogite from Kumdykol (Fig. 5a ), whereas zircon-hosted omphacite inclusions have no exsolution lamellae (Fig. 5c,d ).
Omphacite inclusions in zircon have significant amounts (up to 9.6 mol%) of the Ca-Eskola component (Ca 0.5 0.5 AlSi 2 O 6 , where is a vacancy on the M 2 site), in contrast to the small amounts (1.3 mol%, on average) in the matrix omphacite. We calculated the original composition of matrix omphacite based on the quartz exsolution volume. The results indicate 6.6 mol% Ca-Eskola component in the original omphacite, which agree with the inclusion composition in zircon. Figure 6 shows omphacite compositions plotted on a ternary
Augite-Jadeite-Ca-Eskola diagram. Zircon-hosted omphacite tends to have higher Ca-Eskola component than matrix omphacite. The significant differences in the Ca-Eskola component between inclusion and matrix omphacite indicate that the quartz exsolution in matrix omphacite can be produced by a breakdown of this component. We therefore suggest that the Ca-Eskola component, which included at peak metamorphic conditions, broke down by the following reaction:
2 Ca 0.5 0.5 AlSi 2 O 6 = CaAl 2 SiO 6 + 3 SiO 2 (1) resulting in the exsolution of quartz rods in matrix omphacite. The vacancy-containing Ca-Eskola clinopyroxene is reported to be sensitive to pressure and highly unstable at lower pressures (Mao 1971; Smyth 1980) . Recent experimental studies found, in addition to pressure, Ca-Eskola component is also sensitive to temperature and bulk composition (Konzett et al. 2008) .
Rare jadeitic clinopyroxene inclusions were identified in the diamond-bearing biotite gneiss, whereas such clinopyroxenes are absent in the matrix phase. The jadeite inclusions also contain high Ca-Eskola component (13.4-18.6 mol%, Fig. 6 ). The higher Ca-Eskola component compared to those from eclogite may result from a high Al bulk composition.
Diopside in a diamond-bearing dolomitic marble contains abundant exsolved lamellae, which are a few µm in diameter and approximately 10 µm in length (Fig. 5b ). It was difficult to obtain an accurate composition of the exsolution lamellae, however elemental mapping
shows Al and K concentrations in the lamellae, and laser Raman spectroscopy exhibits typical spectra of phengite with 260 cm 
Garnet
Garnet inclusions in zircon from the coesite-bearing eclogite are rare compared to omphacite inclusion. Chemical composition of garnets from both inclusion and matrix is plotted on the ternary diagram of (Alm+Sps)-Prp-Grs (Fig. 7) . Matrix garnets have almost homogeneous composition, slightly zoned with decreasing pyrope content from core to rim.
On the other hand, garnet inclusions show a wide compositional variation, four crystals are Alm-rich (47-53%) and contain considerable spessartine (0.9-1.2%) component whereas the other grains are consistent with matrix garnet. Garnets contain detectable Na 2 O (up to 0.15 wt%), which is consistent with previous studies in this region (Shatsky et al. 1995; Zhang et al. 1997; Okamoto et al. 2000) . The high sodium content in garnet coexisting with a Na-bearing mineral is considered to be one of the important indicators of UHP metamorphism as well as high K 2 O content in clinopyroxene.
Abundant garnet inclusions were identified in zircon from the diamond-bearing pelitic gneiss. Garnet inclusions are clear single crystal and approximately 10 µm in diameter, whereas matrix garnets are mostly fractured and replaced by secondary chlorite and biotite.
Matrix garnet exhibits significant retrograde zonation with decreasing Prp contents from homogeneous core (24-26%) to rim (19-25%). Garnet inclusions show a relatively wide compositional range, extending toward the pyrope end-member. The maximum Prp content in garnet inclusions (29 mol%) is slightly higher than those in matrix (26 mol%). Garnet in the diamond-bearing gneiss also contains significant amounts of sodium, up to 0.19 wt% Na 2 O.
Rare garnet inclusions were identified in zircon from the diamond-bearing marble. They coexist with diamond inclusions in same zircon grain, and have high Grs (44%) and Prp (33%) components, whereas garnet is absent in matrix assemblage. Although garnets contain relatively high amounts of Na 2 O content from other lithologies in Kumdykol, sodium content is negligible in garnet from the diamond-bearing marble.
Micas
Phengite inclusions in zircon show higher Si content than those in matrix phengite from pelitic gneisses (up to 3.57 per 11 oxygens, Fig. 8 ), whereas Fe/(Fe+Mg) ration of inclusion and matrix phengites is limited in each sample. Phengite inclusions in the diamond-bearing marble contain high Si (up to 3.53 per formula unit) with a very low Fe/(Fe+Mg) ratio of 0.06, although phengite is absent in zircon separated from the diamond-bearing gneiss and the coesite-bearing eclogite. Phlogopite inclusions coexisting microdiamond in zircon from marble contain higher Si content, 2.99-3.00 per 11 oxygens, and slightly higher Fe/(Fe+Mg) ratio of 0.11 than those of matrix phlogopite (2.28-2.92 Si value and 0.08-0.10 Fe/(Fe+Mg) ratio). The Al/(Al+Si) ratio of inclusion phlogopite is higher than that of matrix.
Zircon geochronology assisted by inclusion micro-assemblages
The Kokchetav UHP-HP rocks have experienced a long and complex metamorphic evolution over a very wide range of P-T conditions. Radiometric age dating is a key to understand the complex metamorphic history of the UHP-HP rocks. Sensitive high resolution ion micro-probe (SHRIMP) dating of discrete domains within zircon crystals, allied with cathodoluminescence (CL) image analysis, has contributed greatly to recent progress in dating metamorphic rocks (e.g., Gebauer et al. 1997; Rubatto et al. 1999; Liati & Gebauer 1999) .
Discrete zoned domains in zircon may reflect not only the peak-metamorphic stage, but also progressive and retrogressive stages of their metamorphic evolutions. This can be clarified by identification of mineral inclusion micro-assemblages within each zircon domain.
Internal structure of zircon associated with inclusions
Zircons from the diamond-bearing gneisses are usually rounded, colorless and 100-200 µm in diameter. The CL and BS investigations reveal internal structures of zircons, mainly consisting of core and rim domains; cores of low luminescence in CL image are surrounded by relatively bright luminescent rims (Fig. 9a,b) . Complex zoned metamict cores rarely survive, and have relatively small domains of a bright luminescence in CL (Fig. 9a) ; they are interpreted as inherited domains. Zircons contain abundant microdiamond inclusions, and other include coesite, garnet, jadeitic pyroxene, rutile, phengite, kyanite, amphibole, plagioclase, chlorite, apatite, graphite and quartz (Table 1) . Mineral inclusions are generally correlated with specific domains of zoned zircon. The core to mantle domains contain diamond, coesite and jadeite inclusions, whereas graphite, quartz, plagioclase and chlorite inclusions occur in the outer rims, and most inherited cores are inclusion-free or contain low-P minerals such as graphite and quartz (Fig. 10) .
A low-grade pelitic schist from the Sulu-Tjube region contains euhedral and elongated zircons of approximately 100 µm long axis length. The morphology of zircons is quite different from that in the diamond-bearing gneisses. In BS and CL images, zircons consist of small cores, widely spaced euhedral oscillatory domains as typically observed for crystal growth from a melt, and thin outer unzoned rims with BS-bright luminescence (Fig. 9c) . The inner boundary of oscillatory domains and rims is irregular, in which the magmatic core is corroded by the homogeneous rims. These zircons contain quartz, muscovite, K-feldspar, chlorite, graphite and apatite as inclusion.
Eclogite contains abundant anhedral zircons of 50-70 µm in diameter, which is apparently smaller than those of the pelitic gneisses. Zircon separated from eclogite contains the UHP phases such as coesite, K-rich omphacite and Na-rich garnet, and also includes composite inclusion of garnet and albite (Okamoto et al. 2006) . CL image reveals that most zircons are homogeneous without magmatic core (Fig. 9d) .
Zircon SHRIMP U-Pb dating
U-Pb isotopic data of the diamond-bearing zircon domains are mostly concordant ( grown under UHP conditions. The zircon outer rims generally exhibit younger ages than those of diamond-bearing cores, ranging from 456 to 517 Ma (Fig. 11) . The considerable difference in the apparent ages occurs even in single zircon grains. The inherited core yields a discordant age (Fig. 11) (Fig. 12) . The large age variety and uncertainty may result from extremely low U concentration (42-66 ppm) in these zircon grains, whereas coesite and high Ca-Eskola omphacite inclusions clearly indicate that these zircons have grown at the UHP stages.
Zircon REE abundances
Rare earth element (REE) pattern and abundance of zircon are mostly similar between the diamond-bearing gneisses and eclogite, but significantly different in the low-grade schist (Fig.   13 ). In the diamond-grade gneisses, the inherited core show different pattern from those of metamorphic overgrowth and display relatively high heavy REE concentration and flat pattern, whereas the diamond-bearing UHP domains are characterized by steep pattern. The low-P mineral bearing rims show mostly same pattern of the UHP domains, but some have negative Eu anomaly. Zircons from eclogite have no Eu anomaly and exhibit mostly same pattern with those of the diamond-grade UHP domains. In the low-grade schist, zircon show clearly different REE pattern, characterized by higher abundance of light REE and significant metamorphism (Katayama et al. 2000a) , the averaging of the UHP zircon domains may have prevented clearly differentiation between the ages of prograde and peak metamorphism.
Various P-T conditions of the Kokchetav UHP-peak metamorphism have been estimated and summarized in Table 4 (Fig. 14) . In low-grade schist of the Daulet Suite, zircons showed no age component around 537 Ma, and outer zircon rims yield 461-516 Ma, which are similar to the retrograde ages of the diamond-bearing gneisses.
The low-grade rocks have been experienced maximum P-T conditions of ~2.5 kbar and 500-650°C (Terabayashi et al. 2002) . Two outer rim domains yield apparently younger ages of 456-460 Ma (Fig. 12) . They are interpreted to originate from late thermal events related to the large volume of granitoids intrusions in the Ordovician-Silurian (Dobretsov et al. 1995) .
Tectonic implications
These data indicates that Middle Proterozoic supracrustal rocks were subducted with Ma), the post-orogenic granitic rocks intruded and were contemporaneous with widespread secondary normal faulting in the Kokchetav UHP-HP massif.
Conclusions
(1) UHP mineral inclusions, including diamond and coesite, were preserved in zircon from the Kokchetav UHP-HP massif, whereas those UHP evidences were mostly obliterated in the matrix assemblages due to the extensive overprinting during exhumation. In addition to the UHP phases, relicts of prograde texture including diamond crystallization consuming graphite are identified as inclusion in zircon. The preservation of primary UHP and prograde evidences in zircon is most likely due to impervious to fluid infiltration and zircon is capable of retaining minerals of each metamorphic stage. Metamorphic zones and units are modified after Ota et al. (2000) . this study (black field) and previous studies (Shatsky et al. 1995; Zhang et al. 1997; Okamoto et al. 2000; Ogasawara et al. 2000; Terabayashi et al. 2002) . SHRIMP analysis of different zircon domains distinguished the metamorphic history of the 
